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Effect of the Threshold Kinetics on the Filament Relaxation
Behavior of Ag-Based Diffusive Memristors

Solomon Amsalu Chekol,* Stephan Menzel, Rana Walied Ahmad, Rainer Waser,

and Susanne Hoffmann-Eifert*

Owing to their unique features such as thresholding and self-relaxation
behavior diffusive memristors built from volatile electrochemical metallization
(v-ECM) devices are drawing attention in emerging memories and
neuromorphic computing areas such as temporal coding. Unlike the switching
kinetics of non-volatile ECM cells, the thresholding and relaxation dynamics
of diffusive memristors are still under investigation. Comprehension of

the kinetics and identification of the underlying physical processes during
switching and relaxation are of utmost importance to optimize and modulate
the performance of threshold devices. In this study, the switching dynamics

of Ag/HfO,/Pt v-ECM devices are investigated. Depending on the amplitude
and duration of applied voltage pulses, the threshold kinetics and the filament
relaxation are analyzed in a comprehensive approach. This enables the
identification of different mechanisms as the rate-limiting steps for filament
formation and, consequently, to simulate the threshold kinetics using a
physical model modified from non-volatile ECM. New insights gained from the
combined threshold and relaxation kinetics study outline the significance of the
filament formation and growth process on its relaxation time. This knowledge
can be directly transferred into the optimization of the operation conditions of

exponential growth of the volume and
complexity of data and transfer. Lim-
ited in scalability, computation power,
and data transfer rates between memory
and central processing unit, traditional
computing architectures are suffering
to persevere with the rapidly expanding
demand of data storage and processing.
Neuromorphic computing concepts that
mimic the function of the biological brain
are intensively studied as energy-efficient
architectures which might overcome the
von Neumann bottleneck.'3] Memristive
devices (short: memristor for memory
resistor) that change their resistance state
in response to an electrical stimulus are
promising candidates for use in neu-
romorphic circuits thanks to their scal-
ability,*° 3D stacking capability,”? and
low power consumption.l®2l One inter-
esting class of memristive devices are
electrochemical metallization memories

diffusive memristors in neuromorphic circuits.

1. Introduction

Next-generation technologies like machine learning, artificial
intelligence (Al), cloud computing, and big data demand an
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(ECMs), which are based on the formation

and rupture of a conductive filament due

to the movement of active metal ions such
as Ag" and Cu™?") inside an electrolyte matrix.'>-1%1 Recently,
the commercial memory variant of non-volatile ECM devices
became popular under the product name Conductive Bridging
Random Access Memory (CBRAM).I"19]

CBRAMs cover a wide assortment of materials involving pure
(ion) electrolytes such as Agl,?" mixed ion-electron conductors
(MIEC) such as Ge,Se;,,?'? and insulators such as SiO,,12>?4
Ta,05,%°! and HfO,? typically combined with Cu, Ag, or a
Cu/Ag-containing material. Recently, a subquantum CBRAM cell
based on a Te alloy top electrode and an oxide electrolyte has been
demonstrated for storage?’”! and neuromorphicl?®! applications.

Inspired by the non-volatile electrochemical memories,
volatile ECMs (v-ECMs) have recently gained attention for a
wide range of applications due to their unique thresholding
behavior.2>331 V-ECM devices are promising selectors for mem-
ristive crossbar arraysP**! as well as interesting elements for
artificial neurons in neuromorphic computing,?*-33¢ and true
random number generators (TRGN)® in network security.
The working principle of v-ECM is quite similar to that of the
non-volatile ECMs.* Initially, the device is in a high resist-
ance state (HRS) and with the application of a positive bias to
the active electrode (such as Ag or Cu), a metallic conductive
filament can be formed inside the electrolyte through electron
transfer and ion motion of the active material, bridging the

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the crossbar structure of an Ag/HfO,/Pt device. The inset shows the top view photograph by scanning electron microscopy.
The two possible switching modes of electrochemical metallization memory (ECM): The formation of a strong and weak conductive filament leads to
a b) non-volatile memory and c) volatile threshold switch. d) Typical I-V characteristics of the Ag/HfO,/Pt device under different values of compliance
current (Icc). The inset presents the full device stack and respective thicknesses. e) Forming voltage and f) threshold voltage for devices with a 3 nm
and 5 nm thin HfO, electrolyte layer. The forming voltage is collected from 20 devices and the threshold voltage is obtained from 100 repeated cycles.

two electrodes electrically. As a result of the SET process, the
resistance abruptly jumps to a much lower resistive state (LRS).
The stability of this conductive filament depends on the initial
filament morphology, the surrounding electrolyte matrix, and
other external factors such as bias and temperature.*® A bulky
metal filament is stable and leads to non-volatile memory,
which requires SET and RESET processes at opposite voltage
polarity, Vsgr and Vygser, respectively (Figure 1b). On the
contrary, a thinner or weak filament, which was closed at the
threshold voltage (Vy,) can spontaneously self-rupture and the
device resistance relaxes back to the HRS if the applied voltage
falls below the hold voltage (V},q) yielding a volatile switch
(Figure 1c). Driving forces of this self-relaxation process dis-
cussed in the literature comprise surface energy minimization
or surface tension effects,?®# thermo-diffusion,*! mechanical
stress,*! or steric repulsion effect!*’! depending on the nature
of the filament and the surrounding electrolyte matrix.
Triggered by the interest in these devices for artificial neu-
rons, the time constants of the threshold and relaxation pro-
cesses become highly relevant. In v-ECM devices, both response
times can be modulated over several orders of magnitude
depending on the programming condition.***! This can pro-
vide a distinctive advantage of designing a system with a spe-
cific combination of SET (t,) and relaxation time (t,). However,
in contrast to the solid knowledge of the fundamental processes
involved in non-volatile ECM devices® ! the understanding
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of the volatile characteristic in v-ECM cells which arises via the
self-rupture of the conducting filament without any external
force, is still at the beginning. Wang et al. explained the relaxa-
tion process of v-ECMs based on a thermodynamic approach
utilizing the surface diffusion mechanism.*® Taking a defined
filament shape and size as input parameters, good agree-
ment of simulated and experimental data was obtained. In
the experiments, the filament’s strength was modified quali-
tatively by varying the programming current through a tran-
sistor.’®>1l On the other hand, the dependence of ty, on the
external bias has been shown in multiple publications and, yet,
lack to make connections with the .1°>-4 For a wide utiliza-
tion of v-ECM devices in the emerging field of neuromorphic
computation>8 understanding and control of the switching
kinetics is of utmost importance. Therefore, the complete infor-
mation about the influence of the programming conditions on
threshold and relaxation behavior and any type of correlation is
important. This is the focus of the presented study.

In this paper, a systematic investigation of the kinetics of
both threshold and relaxation processes of Ag/HfO,/Pt v-ECM
devices is reported. Programming schemes with different
voltage amplitude (V;) and pulse width (t,) were designed
to explore the impact of the programming condition on the
response times ty, and . The threshold kinetics is analyzed
under consideration of the rate-limiting processes using a
physical simulation utilizing an extension of the dynamic
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compact model, which has been successfully applied to explain
the dynamics of Agl-based,”” SiO,-based,*) and GeS-based!®"!
ECM cells (called JART ECM v1°l). The relaxation dynamic
is evaluated in the same parameter regime and is analyzed
together with the threshold event. This allowed us to discuss
the effect of filament morphology and diameter on the resulting
t, for the studied system.

2. Results and Discussion

2.1. Device Characteristics

In this study, micro-crossbar-type devices (Figure 1a) of
2 X 2 (um)? in size were utilized. An Ag top electrode capped
with a Pt layer served as the active metal for ion supply into the
3 and 5 nm thick HfO, layer. To support the electrochemical
oxidation reaction through the injection of electrons, inert Pt
is used as a counter/bottom electrode. The device stack and
typical I-V sweep characteristics of the fabricated v-ECM cells
are shown in Figure 1d. An abrupt and volatile switching with a
wide range of compliance currents (Icc) up to 1 mA is obtained.
All devices are highly insulating in the pristine state and for
Ag filament creation a forming process with a relatively higher
voltage (V) than the threshold voltage (Vy,) is required. Vg and
Vi, of the Ag/HfO,/Pt devices with HfO, thicknesses of 3 and
5 nm are shown in Figure le and 1f, respectively. Both volt-
ages increase with the oxide layer thickness. This trend reflects
the strong field dependence of the switching behavior like it
has been discussed in previous reports.®?%4 The extremely
low leakage current, large on/off ratio together with a low Vy,
make these types of devices an ideal candidate for selectors in
crossbar arrays and low power applications such as artificial
neurons.

Furthermore, an endurance of exceeding 10° under
switching cycles and fast switching speed are among the
important factors. The temporal response of the device can be
extracted from the current response in the time domain upon a
voltage pulse with amplitude V, and pulse time t,. After a cer-
tain time period tg (often called delay) referenced to the onset
of the voltage pulse, the device current abruptly jumps from
low to high. Once the voltage is removed, the device relaxes
spontaneously back to the HRS after a definite time period
of t, (sometimes referred to as retention time) (Figure 2a).
A typical temporal response of an Ag/HfO,/Pt device is pre-
sented in Figure 2c. The measurement setup used to collect
the temporal responses is depicted in Figure 2b (left). We used
a Keithley 4200 SCS Semiconductor Characterization System
equipped with four 4225 PMUs and an integrated oscilloscope
card with a bandwidth of 1 GHz. An external resistor of 100 kQ
was connected in series with the device to limit the current
during switching. The input voltage pulse signal is connected
to the Pt/Ag top electrode while the Pt counter electrode is
grounded. The corresponding input voltage and output cur-
rent signals are recorded through channel 1 and channel 2 of
the oscilloscope. With the application of a voltage pulse with
V, of 1.4 V and ¢, of 1 ps, characteristic response times of tg,
and t, of <300 and <250 ns are obtained, respectively. The
analysis of the SET and relaxation times concerning external
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Figure 2. a) Definitions of t.;, and t, from a temporal response measure-
ment in the time domain. Blue color: applied voltage (V,,); red color:
output current signal (/o). b) Current response measurement for testing
the switching speed of the device with a 1.4 V/ 1.5 us programming pulse
followed by a 0.1V read voltage (V,e,q). The device can be switched to LRS
within 300 ns and spontaneously relaxes back to HRS within 250 ns. The
measurement setup is shown on the left. ¢) Pulse endurance measure-
ment taken for over 5 x 10° cycles. The LRS and HRS states of the device
were readout at 2 and 0.1V, respectively, as shown in the inset. A 100 kQ
external resistor was connected in series with the device to limit the cur-
rent during all measurements.

factors such as V;, and t, will be discussed in detail in the sub-
sequent sections.

The endurance measurement acquired using a 200 us/2 V
program and read pulse for the LRS and a 200 ps/0.1 V pulse
to read the HRS is presented in Figure 2c. A series resistor
of 100 kQ was used to limit the current in LRS during the
measurement. The device revealed a stable switching with
more than 5 x 10° cycles without any noticeable degradation.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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A waiting time of 1.4 ms between each programing and read
pulses was given to allow the device to fully recover and avoid
any memory effect due to unsuccessful switching events.
It should be noted that this is not the endurance limit of the
device, as the measurement was interrupted due to elongated
measurement time.

2.2. Impact of Programming Scheme on the Relaxation
of Diffusive Memristors

The time required for the filament rupture process can vary by
several orders of magnitude depending on the size and mor-
phology of the conductive filament. This means, ultimately,
the relaxation process depends on the programming condi-
tions, as this determines the filament size. The higher the V5
is, the larger is the size of the conductive filament, leading to a
prolonged relaxation process. In addition to V,, the t, can also
greatly affect the t,.

To probe the effect of the programming condition on the
relaxation process, programming pulses with varied Vj, and ¢
were applied in a setup shown in the inset of Figure 2b and the
respective t, were extracted (details in Figure S1b, Supporting
Information). We performed ten repeated cycles for each V,
and t, combination and data with successful SET-events were
further analyzed. The results are presented in Figure 3. Here,
t. is defined as the time between the points in time where
the voltage drops to the monitor voltage (in this case 0.1 V)
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and where the output current fully relaxes back to the initial
state (Figure 3b). From the various programming conditions
applied to the device in a defined HRS an exponential relation-
ship between t. and V,, is observed. When V,, increases step-
wise from 0.6 V to 1.7 V, t, increased by roughly two orders of
magnitude, under a fixed t, varied between 10 us and 10 ms,
(Figure 3c). Notably, an increase in #, shifts the linear log(t,) - V,,
dependencies upwards in time without any pronounced change
in the slope. Figure 3d shows the observed power-law relation
between t, and £,

The relaxation process is, in a sense, a trace of the device’s
history. The t, tells us how weak or strong the formed filament
was. Therefore, to fully understand the relaxation behavior, it
is important to look into the SET kinetics, where the filament

formation happens, in detail.

2.3. Impact of Voltage on the SET Kinetics of Diffusive Memristors

Switching speed is a very crucial parameter for device opera-
tion. The exponential dependence of t, with V, for v-ECMs
has been shown in multiple publications.l**’! Many of these
reports solely assume nucleation energy as a limiting factor
for the switching speed. However, it has been shown that the
filament growth dynamics can be significantly limited by the
ion migration process and this in fact can affect the switching
kinetics.°¢%’] Furthermore, in-depth investigation on the SET
kinetics of v-ECM devices based on reasonably large statistical
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Figure 3. a) Typical current response, l,-t, under programming pulses V,/ t, of 1.3V, 1.5V, and 1.7 V/ 1 ms followed by a 0.1V voltage step for moni-

toring the relaxation behavior. b) Magnified plot of the red marked region i
various programming conditions. The statistical analysis of ten repetitions

n (a). The self-relaxation process takes different times t, depending on the
for each V,,/ t, combination provides information on ¢, as a function of v,

and t, shown in (c) and (d), respectively. The measurement setup is shown in Figure 2b.
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Figure 4. SET switching kinetics of Ag/HfO,/Pt v-ECM cells with an HfO,
thickness of 3 nm and a device size of 2 um X 2 um. The median values
and median absolute deviation (MAD) of the experimental data are dis-
played using triangles and vertical lines, respectively. The three regions,
I, 11, and IIl represent the nucleation-limited, the electron-transfer-limited,
and the mixed control regimes, respectively. The fitting data acquired from
the numerical simulation is shown as red solid line. The circuit schematics
used for testing with a load resistor of 100 kQ2 is shown in Figure 2b.

data sets has not been shown so far. Thus, to better understand
and pinpoint the physical processes involved not only during
nucleation but also during filament growth we conducted a
thorough analysis of the switching kinetics of volatile switching
Ag/HfO,/Pt devices by designing different programming
schemes.

Devices in HRS were excited by defined voltage pulses with
varying Vj, ranging from 0.35 to 2.2 V and t, of 1 us to 1 s and
the corresponding value of the switching time .., was extracted
from the transient current response (details in Figure Sla,
Supporting Information). A typical series of I ,—t curves for
different V;, is shown in Figure S2, Supporting Information.
Figure 4 presents the experimental results of ¢, as a function
of V,. At a low voltage regime, the switching takes a longer
time to be triggered and a slight increase in V,, dramatically
reduces g With a further increase of V,, the corresponding
decrease in ty; continuously flattens and appears to approach
a kind of saturation at higher V,. Menzel et al. have reported
similar observations for Agl-based non-volatile ECMs. These
authors identified three regimes by means of the rate-deter-
mining step as (I) nucleation limited, (II) electron transfer
limited, and (III) mixed (electron-transfer and ion migration)
limited.(]

Therefore, to further investigate the physical processes limiting
the switching speed of our Ag/HfO,/Pt-based v-ECMs, we imple-
mented the well-verified simulation model developed by one of
the authors.’”) In general, the formation of conductive filament
proceeds in two steps: nucleation and growth. Nucleation is a very
critical process for further growth of the filament, and, depending
on the voltage it can take a significantly long time. The nucleation
time can be described by the following equation:>’]

AG (Nc + 0tny)ze
Laue = to,nuc - A nuc
0, exp( kT )exp( kT P, )
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Here, tg . is a prefactor, AGy,,. defines the activation energy for
nucleation, A@,,. the nucleation overpotential, N the number
of Ag atoms required to form the critical nucleus, z the ion
charge number, e the electron charge, &, the charge transfer
coefficient during nucleation, kp the Boltzmann constant, and T
the absolute temperature in Kelvin.

During the filament growth process, two components con-
tribute to the current passing through the device; the ionic
current and the electronic current. The electronic current
is given by electron tunneling (Equation (2)) between the
growing filament and the opposing electrode. The ionic cur-
rent paths consist of the electron—transfer (Butler—Volmer-
law, Equation (3)) and the metal/oxide interfaces, and the ion
hopping (Mott-Gurney-law, Equation (4)), and their respective
values can be calculated as the following.l>

v 2
I, = C%ﬂ(f) exp(—% lzmeffAW() )Aﬁle
X

h
AG,, (1-0)ze
7A ac
kT ) ["p ( T O )

(2)

ITgjae = £ zecky o exp(—

(3)
O ze
- - A lac A ac
eXP( kT Py ):| fil/
AG A
Loy = 2zecaf exp(— . ;fp )sinh( azzi ;’3;"" ) A, (4
B B

meg denotes the effective electron mass, AW, the tunneling bar-
rier height, h Planck’s constant, Ag the area of the filament,
Ajs equivalent area of ionic conduction, V,, the voltage over
the tunneling barrier, ¢ is the Ag" ion concentration, AG,; and
AGy,p are the activation energies for electron-transfer and hop-
ping barrier, respectively, ¢, is the charge transfer coefficient,
a is the hopping distance, Agg,. is the electron-transfer over-
potential, and Agy,, is the hopping over potential. C is a fit-
ting parameter with a given value of 2.75°% The state variable x
describes the tunneling gap between the growing filament and
the electrode.

In Figure 4, the simulation results are shown as a solid line
together with the experimental data. The parameters used to fit
the data are presented in Table 1. From the measurement, three
distinct regimes can be observed. The highest slope can be seen
at voltages below 0.6 V in regime I which is classified as the
nucleation-limited regime. Then, subsequently, a flatter slope
is observed in voltage range II between 0.6 and 1.5 V where the
electron-transfer reaction is the rate-limiting process. Above
1.5 V regime III with a mixed electron-transfer and silver ion
hopping limited process is visible with minor voltage depend-
ence on ty.

2.4. Interdependence of SET and Relaxation Processes

At this point, there exists an obvious trade-off between t,., and
t, with respect to the programming conditions. The dependence
on the voltage of the SET pulse V, is schematically depicted
in Figure 5a. For example, a shorter t,; can be achieved by
increasing V, however, at the price of a prolonged relaxation
process described by means of t,. Because ty defines the delay

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Parameters used to fit the SET kinetics in Figure 4.

Symbol Value Symbol Value

T 298 K AGq 0.62 eV
z 1 [0 0.3

m, 0.84 Koet 2x10°ms™!
f 1% 10" Hz AGpgp 0.21eV
c 3x 102 m= a 0.25 nm
Pag 1.7x107% Qm L 3nm
AW, 2.7 eV A 3.14 nm?
N, 1 Aq 3.14 nm?
AGpue 0.84eV Anc 314.16 nm?
Opue 0.25 Rei 111 mQ
0 nuc 2x107 s Rearics 100 kQ

time between the voltage pulse starts and the abrupt rising in
current, there is no correlation between t,; and t, provided that
ty > te; holds for a given value of V,. This is described by the
horizontal line in Figure 5b. In contrast, a linear relationship is
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observed between log(t,) and log(t,) (see Figure 3d), which will
be analyzed further in the following.

This interdependence is visualized in a heat map given in
Figure 5c, which summarizes the correlation between t,; and
t, as a function of Vj, and t,. The experimental results of this
work are provided in the color code. In addition, further ¢, data
collected from different reports on Ag-based v-ECM cells are
overlaid on top of the heat map for comparison, and a similar
trend of the ¢, versus V,, and t, behavior is observed. The SET
kinetics t,—V}, from Figure 4 is given as the dashed line which
separates the regime of no switching (HRS) in the bottom left
corner of Figure 5c from the regime of successful SET events
expanding to the upper right corner. For the remaining V-,
combinations which define successful SET events, the relaxa-
tion behavior of the filament given by t, depends on both V,
and t,. For example, by increasing the t, from 10 ps to 10 ms
(moving upward direction in Figure 5c), the t, changes by sev-
eral orders of magnitude. In our study, it is found that the min-
imum t, for a successful SET event at any given V, gives the
minimum t,.

The analysis of the interdependence of the SET and the relax-
ation process that is summarized in Figure 5c now enables a

(b)

—_~
w o 4 —~
~ & (7))
- o\ S~
@ ] .
+«9 Constant el

fy ()
(c) 102
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Figure 5. a,b) Schematic representation of the dependence of t,; and ¢, as a function of V,, and t,, respectively. c) A heat map combining the SET
kinetics and relaxation event showing several orders of magnitude change in t, over a certain range of V,, and t,. The SET kinetics curve (dashed line)
is a representative fitting curve of experimentally obtained data. The color-coded relaxation time is plotted based on experimental data (open circles)
and an extrapolation. Letter assigned boxes are relaxation data collected from different publications (Table 2).
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Table 2. Ag-based threshold switching devices used to collect the relaxation data points in Figure 5c.

Symbol Device stack Switching layer thickness ~ Threshold voltage SET pulse condition SET time Relaxation time Ref.
(Voltage/Pulse width)
[a] Ag/HfO, /Pt 45nm 030V 0.7 V/100 us N/A 10us [65]
[b] Ag/Ta,O5/Pt 5 nm 035V 1.0 V/100 s 25 s 15 us [68]
[d] Ag/SiO, /Pt 30 nm 070V 13V/1ms N/A 100 ps [69]
[d] Ag/HfO,/HfO,/Ag 30 nm 0.28V 1.5V/10 us 634 ns 10 us [70]
[e] Ag/hBN/Pt 0.33 nm 030V 1.0V/2 us 150 ns 60 ns 71
[f] Pt/Ag_ND/HfO,/Pt 8 nm 050V 1.5V/1us 75 ns 300 ns [54]
el Au/AgNW-PDMS/Au N/A 0.40V 2.0V/10 us 520 ns 10 us 132]
ih] Ag/DG/SIO,/Pt 40 nm 0.50-1.00 V 2.0V/2 s 100 ns Tus 72]

Note: N/A, not available.

deeper understanding of the linear dependencies of the log(t,)—
V,, and log(t;)-log(t,) behavior reported in Figures 3c and 3d,
respectively. Similar trends observed earlier are described in
referencesl***># for example. Experimentally obtained results
show that for a voltage pulse of a given amplitude V,, the pulse
time #, in fact can change t, by several orders of magnitude
and, so far, this has been simply interpreted as a change in the
strength of the metallic filament. However, by the combina-
tion of the threshold and relaxation behavior, we are now able
to conclude that a more detailed description of the filament’s
growth process is required to understand the complex correla-
tion displayed in Figure 5c.

2.5. Origin of the Relaxation Time Dependence on
Programming Pulse Width

From the correlation plot in Figure 5c, an important question
arises: How can a fixed pulse voltage V,, which corresponds
to a defined SET time ty, for closing the conductive fila-
ment lead to relaxation times t, that vary by orders of mag-
nitude simply by enlarging the pulse time #,» This becomes
even more challenging as t,—V, follows the well-understood
growth mechanism described by the SET kinetics in Sec-
tion 2.3. To further explore this, we carefully analyzed the
transient signals during switching together with the experi-
mental setup that was used to obtain the data. The origin
was found in the voltage divider built by the chosen Ry s of
100 kQ and the device in LRS (see Figure 2b). Therefore, we
extracted the device resistance (R,,) in LRS and calculated the
respective voltage drop on the device (V,,) for a given V,,. This
procedure was enabled thanks to full access to the transient
signals recorded during the measurements. Further details
on the calculation can be found in the supplementary mate-
rial. It can be seen that R, slowly decreases with time under
constant V;, (Figure S3a, supplementary information). The
calculated V,, reveals that a residual voltage drop of about
0.15-0.20 V existed throughout the pulse duration depending
on Ry, (Figure S3b, Supporting Information). From this anal-
ysis, we can conclude that, once the v-ECM device is switched
into the LRS, a small residual voltage drop of a fraction of
the pulse voltage is sufficient to keep the filament growing
during the SET event.
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2.6. Filament Evolution during SET Process and Relaxation Behavior

Triggered by the interest in neuromorphic applications the
self-relaxation behavior in diffusive memristors became a hot
research topic. Most reasonable models tend to attribute the
self-diffusion process to surface energy minimization or sur-
face tension as this accounts for the recent transmission elec-
tron microscopy (TEM) observations of the presence of clusters
composed of the active Ag or Cu element. Wang et al. reported
the spontaneous formation of nanoclusters during relaxation
in a planar Au/SiO,N,:Ag/Au device by using in situ high-
resolution (HR) TEM.BY Similar observations were reported by
employing an atom probe equipped HRTEM and scanning elec-
tron microscopy (SEM).I°27274 Additionally, recent molecular
dynamic simulations confirmed the spontaneous breakdown
of a continuous nanoscale Ag filament inside an oxide matrix
without any external forces.’®! According to this model, t,
should strongly depend on the filament size and follow Her-
ring’s scaling law: t,<r,*, where r, defines the filament radius.
For example, Figure 3c shows a four-order of magnitude change
in t, with a combined effect of V}, and t,. Accordingly, based on
Herring’s scaling law, a filament radius change by an order of
magnitude would be required to achieve such a change in t,.

Note that the on-state current is limited by the series resistor
(100 kQ) and with an applied voltage between 0.6 and 1.8 V
the on-state current only increases from roughly 6 HA to about
18 pA. This current level should not contribute to significant fil-
ament growth and would hardly change the radius by an order
of magnitude. Therefore, the filament size and morphology is
mainly determined by the kinetically limiting process and cor-
responding biasing condition such as voltage and duration.

From Figure 4 it becomes apparent that the experimental data
obtained in the electron-transfer region do not agree well with
the simulation curve that assumes a constant filament radius
independent of the voltage amplitude. Previous kinetic Monte
Carlo (KMC) simulations performed by one of the authors!*!
predict a structural change of the metal filament from a bulkier
to a fragile appearance when the switching voltage is increased.
This observation is understood by a transition from dominantly
isotropic to field-driven anisotropic growth at low and high
pulse amplitudes, respectively.

Therefore, we investigated the effect of filament size on
the SET kinetics. Simulations with different, though still

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) SET time as a function of pulse voltage simulated for different filament radii ranging from 0.15 to 3 nm. b) Schematic representation of

the filament morphology at different combinations of V,, and t,,.

voltage-independent, filament radii ranging from 0.15 to 3.0 nm
were performed using the full numerical simulation and the
results are displayed in Figure 6a. Particularly in the electron-
transfer region (II), the influence of filament radius on the fy,
becomes significant. Suggesting that different filament radii are
to be expected at different voltage regions provides a good fit
to the experimentally determined SET kinetics values. In detail,
for the SET event Figure 6a predicts a decrease of the filament
radius from about 3.0-0.15 nm as the voltage pulse increases
from roughly 0.5 V to about 1.0 V. Data points below 0.15 nm,
the atomic radius of a single Ag atom, could be understood as
successful SET events that do not result in a galvanic contact.
Detailed investigation of the conduction mechanisms, the direc-
tionality of the switching, and filament retraction during relaxa-
tion can be found in Section S1.1, Supporting Information.

In total, the dependence of the filament radius on the pulse
voltage affects the SET kinetics, especially in the electron transfer
regime. Although this effect is less pronounced than the power
of the fourlaw for the relaxation time, t,o<ry*, the combination of
the two phenomena results in significant consequences for the
programming regime of v-ECM-type diffusive memristors. The
effect of biasing conditions on the filament formation and conse-
quently on the SET and relaxation processes are explained as fol-
lows: At a lower voltage regime of below 0.6 V nucleation becomes
the rate-limiting process. That means there are enough Ag*-ions
available for filament formation and, as a result, a relatively
homogenous growth and a relatively bulky filament are expected
(Figure 6b). The rupture of this takes a long time. Note that a
longer t, is required at low voltages. Hence, both the SET and
relaxation processes take longer in the low voltage regime where
nucleation becomes the rate-limiting step for the SET event. In the
intermediate region, electron-transfer limits the filament’s growth
rate during SET, and the Ag*-ion generation and reduction rates
are very similar. As a result, linear growth of a dendritic-shaped
filament occurs. The final size of the filament depends on the
total pulse time t,. With a short pulse, that is just enough to cause
a successful SET event, a thin filament can be formed and ulti-
mately shorter £, can be achieved. However, if longer than neces-
sary pulses are used the excess time after the switching contributes
to further growth of the filament, thus, causing an increase of .. In
the medium-high voltage region, ion migration becomes a limiting
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factor. That means the supply of Ag™ions is limited due to the
migration barrier. As a consequence, local depletion of Ag*-ions
creates a field enhancement in this region, causing a self-accelera-
tion of the filament growth. This results in a more anisotropic fila-
ment growth leading to a structure of thin dendrites. However, due
to the self-acceleration and field-enhancement effect, the filament
formation is much faster and any extra time beyond ¢, will lead to
the formation of a rather large filament, thus extending the relaxa-
tion process. Further increase in voltage will lead to extremely fast
and uncontrolled filament formation, and possibly an excessive
loading of Ag" into the matrix, due to the very high electric field.
This can cause a delay in t, by modifying the chemical potential of
the matrix surrounding the filament. A schematic representation
of the voltage-dependent filament growth can be found in the sup-
plementary information, Figure S4.

2.7. Design Rule of Diffusive Demristors for Emerging Applications

The tunability of the SET and the relaxation behavior of
v-ECM-type diffusive memristors with the programming con-
ditions allow the design of systems with a particular t, and
t, depending on the desired application. For example, a fast
switching time is necessary for selector devices in a cross-point
array to access the memory state within a few ns. At the same
time, a fast relaxation and recovery to the highly resistive state
is essential to effectively block the current in the unselected
memory cells during a random access operation. On the other
hand, the relaxation behavior becomes more relevant in neuro-
morphic applications. For integrate-and-fire neurons, the device
resistance should relax back to the resting state to be able to
fire continuously during the application of a pulse train. If
one aims to use volatile devices to store eligibility traces of the
neural activity, the weight update depends on the ¢, of the vola-
tile device. This underlines the importance of the fact that the
dependency of SET and relaxation processes on the programing
condition provides a unique opportunity to design a system
with a specific combination of t; and t. An example of a broad
variety of applications for volatile diffusive memristors which
become accessible thanks to this behavior is schematically pre-
sented in Figure 7.
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3. Conclusion

Concluding, we investigated the switching dynamics of an
Ag/HfO,/Pt-based diffusive memristor and showed the tun-
ability of the SET and relaxation times over several orders of
magnitude depending on the programming conditions. Three
main mechanisms, namely, nucleation, electron-transfer, and
mixed (electron-transfer and ion-migration) are identified as
the rate-limiting steps during the SET process. The relaxation
time of diffusive memristors is mainly determined by the size
and morphology of the conductive filament. Depending on
the rate-limiting step during the SET process, different fila-
ment growth mechanisms are expected. At low voltages the
growth is dominantly isotropic, resulting in a rather bulky
filament and at higher voltages, the growth becomes field-
driven and anisotropic yielding a thin and fragile filament.
In addition to the voltage amplitude, the voltage pulse width
affects the relaxation time. It is revealed that this is mainly
due to the small voltage drop over the device during the on-
state, contributing to further growth of the filament. These
findings provide useful information for optimizing the oper-
ating conditions of diffusive memristors in neuromorphic
circuits.

4. Experimental Section

Fabrication of the v-ECM Device: The micro-crossbar devices were
fabricated on a SiO,/Si substrate starting with the sputter deposition of a
Ti (5 nm) adhesion layer followed by a Pt (30 nm) bottom electrode (BE),
which were lithographically patterned and structured by reactive ion beam
etching. The homogeneous 3 and 5 nm thin HfO, films with low defect
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concentration were grown in a plasma-enhanced atomic layer deposition
(PE-ALD) process from tetraethyl-methyl-ammonia hafnium (TEMA-Hf)
and oxygen plasma at 250 °C.1B3#4 Following dielectric deposition, feature
size ranging from 2 nm to 10 um were patterned by photolithography.
Final crossbar structures were obtained by sputter deposition of an Ag/Pt
(10/20 nm) top electrode accompanied by a lift-off process.

Device ~ Measurement  and  Characterization: Al electrical
characterizations were carried out in a probe station. The voltage
sweep measurements were performed by using an Agilent B1500A
semiconductor device parameter analyzer equipped with high-
resolution source and measurement units. Short pulse experiments
were performed by using a Keithley 4200 SCS semiconductor
characterization setup equipped with 4225 PMUs and an integrated
oscilloscope card with a maximum bandwidth of 1 GHz. While the
input signal is applied to the Pt/Ag top electrode, the applied voltage
is measured in parallel on channel 1 of the oscilloscope (internal
impedance 50 Q). The output current can be calculated from the post
DUT (Pt counter electrode) signal measured on channel 2 (internal
impedance 50 Q). A custom-built tungsten probe tip with an SMD
(surface mounted device) resistor of 100 kQ was used to limit the
current during switching.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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